Abstract. Respiratory muscles are classically involved in neuromuscular disorders, leading to a restrictive respiratory pattern. The diaphragm is the main respiratory muscle involved during inspiration. Ultrasound imaging is a noninvasive, radiation-free, accurate and safe technique allowing assessment of diaphragm anatomy and function. The authors review the pathophysiology of diaphragm in neuromuscular disorders, the methodology and indications of diaphragm ultrasound imaging as well as possible pitfalls in the interpretation of results.
INTRODUCTION
Respiratory failure is one of the main causes of morbidity and mortality in patients with neuromuscular diseases (NMD). The diaphragm acts as the main respiratory muscle during inspiration and accounts for 70% of the inspired air volume during regular breathing [1] . Diaphragm muscle function is often impaired in NMD, leading to a restrictive respiratory pattern [2] . The diaphragm function can indirectly be analyzed by techniques such as fluoroscopy and chest radiography, which are non-specific and ionizing exams, and spirometric tests, which allow the * Correspondence to: Abdallah Fayssoil, MD PhD, CHU Raymond Poincaré, APHP, Garches, France. Tel.: +33 0147107778; Fax: +33 01 47 10 77 83; E-mail: abdallah.fayssoil@aphp.fr.
assessment of global respiratory function [3] . Transdiaphragmatic pressure measurement remains the reference exam for determining diaphragm function; however, this method is invasive and technically challenging, and thus not routinely deployed [4] . Phrenic nerve conduction study provides assessment of phrenic nerve but requires some expertise. Ultrasound imaging (US) allows a non-invasive, radiation-free, accurate, reproducible and safe assessment of diaphragm anatomy and function [5] [6] [7] [8] [9] .
In this manuscript, we review the pathophysiology of diaphragm and the principles of diaphragm sonography in patients suffering from NMD. We also considered the clinical indications of diaphragm sonography and discuss pitfalls in the interpretation of diaphragmatic US results. 
A. Fayssoil et al. / Diaphragm

DIAPHRAGM, ALVEOLAR HYPOVENTILATION AND NEUROMUSCULAR DISORDERS
Diaphragm is a dome shaped fibro-muscular structure, composed of a central tendon surrounded by peripheral muscle fibers. Diaphragm is subdivided in two hemi diaphragms, each one innervated by the ipsilateral phrenic nerve (C3-C5 roots). Each hemi diaphragm consists in two parts, a costal part causing displacement of the anterior portion and a crural part that displaces the posterior portion [10] , the latter presenting a greater respiratory excursion than the anterior portion. The diaphragm acts as the main respiratory muscle, in addition to scalene muscles and parasternal muscles that are the other principal respiratory muscles during quiet breathing [11] . The scalene muscles induce an upper thorax expansion, stabilizing the chest wall. During exercise, external intercostal muscles and sternocleidomastoid muscles, which constitute accessory respiratory muscles, are recruited.
During the inspiratory phase, diaphragm contraction creates a piston-like movement that decreases the pleural pressure. This induces a pressure gradient between atmosphere and alveoli, allowing inspiration of air and lung inflation. The diaphragmatic piston effect simultaneously increases the abdominal pressure and causes an outward movement of the abdominal wall. Diaphragm contraction increases not only the cranio-caudal lung size but also causes a cranial outward displacement of the lower ribs, associated with 2 forces [12] . The first force is applied by the diaphragm fibers (tangential orientation) at its insertion to the lower ribs. This action is particularly significant in patients with weak abdominal compliance. The second force is directly related to the transmission of abdominal pressure to the lower ribs in the zone of apposition [12] . The expiratory muscles include internal intercostal muscles and abdominal muscles. Expiration is a passive movement during quiet breathing. The underlying force of this passive movement is generated by the elastic recoil of the respiratory system [13] . However, during exercise or forced expiration and during cough, the expiratory muscles are requested and participate in driving the end expiratory volume below the functional residual capacity (FRC).
In NMD, the progressive decrease in respiratorysystem compliance may result from limited movement during spontaneous yawns and sighs, which normally prevent stiffening of the chest wall [14] while also spreading surfactant over the air-fluid interface and re-inflating areas of atelectasis [15] . In addition, the upper airway musculature may be affected by swallowing disorders and airway obstruction during the inspiratory phase [16] . The imbalance between the load imposed on the inspiratory muscles and their strength leads to alveolar hypoventilation and hypercapnia [17] . Respiratory function has also a central regulatory drive that may be affected in NMD, with a reduction in chemo-sensibility that results from chronic hypercapnia [18] [19] [20] . The failure of the expiratory muscles in NMD causes insufficient cough and thereby reduces clearance of airway secretions. As a consequence, the risk for acute respiratory failure increases in NMD patients [17] .
In summary, motion and contractile force of the diaphragm may be affected by pathological alterations of the following anatomical structures:
-Central nervous system -Phrenic nerve -Neuromuscular junction -Diaphragm muscle -Thoracic cage -Upper abdomen In patients on mechanical ventilation, the positive end expiratory pressure (PEEP) level also decrease diaphragmatic motion by increasing the end expiratory lung volume and thereby lowering the diaphragmatic dome at the end of expiration [21] .
EXPLORATIONS OF THE DIAPHRAGM
In parallel with the functional respiratory tests, techniques have been developed in order to explore the diaphragm. They can be separated into:
-Volitional and non-volitional tests -Invasive and non-invasive methods -Specific and non-specific investigations.
Each test has advantages and disadvantages in clinical practice. The non-invasive simple tests include the measurement of vital capacity (VC), of maximal inspiratory pressure (MIP), of Sniff nasal inspiratory pressure (SNIP). These tests are volitional and nonspecific. Spirometry is used as the first line to assess global respiratory function in patients with NMD by the analysis of the vital capacity (VC), that reflects the inspiratory and expiratory muscle function. However, spirometry is not sensitive to detect early involvement of respiratory muscles in NMD since VC is in the normal range until a significant decline of respiratory muscle strength occurs [22] . Spirometry may give indirect information about diaphragmatic function. A drop of VC>20% from sitting to supine position is frequent in cases of diaphragmatic weakness, reaching a 30% drop in patients with a paralyzed hemi-diaphragm, and can be used as an indirect assessment of diaphragmatic function [23] . The other respiratory muscle functional tests rely on the measurement of maximal inspiratory pressure (MIP) and sniff nasal inspiratory pressure [24] . MIP reflects inspiratory muscle strength and depends on the lung volume at which the test is performed; MIP is classically measured from residual volume [25] . Sniff nasal inspiratory pressure (SNIP) measurement is performed using a natural maneuver and reflects the strength of the diaphragm [26] . Twitch mouth pressure during magnetic phrenic nerve stimulation is a non-volitional test that can be used for detection of diaphragm muscle weakness [27] . However, this method requires dedicated equipment that limits routine utilization, and some expertise is required, for example to identify the optimal timing for stimulation to avoid airway collapse [28] .
The specific invasive test for diaphragmatic function analysis relies on the trans-diaphragmatic pressure swing (pdi) measurement. This latter can be achieved under three conditions: -Quiet spontaneous breathing (QSB), -Sniff maneuver -Bilateral magnetic phrenic nerve stimulation [29] .
Trans-diaphragmatic pressure measurement during QSB and magnetic phrenic nerve stimulations are non-volitional invasive tests, whereas Sniff maneuver pdi is a volitional invasive test [3, 30] . However, pdi measurement is limited in clinical practice requiring intra-gastric and intra-esophageal probe insertion [31] . An indirect noninvasive and non-volitional test for the diaphragmatic function assessment is the optoelectronic plethysmography (OEP). This technique evaluates the abdominal displacement during QSB [32] . However, this method requires dedicated equipment, which is not routinely available, can only be performed in the supine position and does not allow determination of the underlying cause of diaphragmatic dysfunction [32] .
In radiology, techniques for diaphragm exploration include fluoroscopy, ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI) [33, 34] . Fluoroscopy used to be the traditional exam used for analyzing diaphragm function. However, this method needs the patient to be in a vertical position that limits its use in neuromuscular disorders and also exposes patients to irradiation [35] . Diaphragmatic CT and MRI are reference imaging tests for exploring diaphragm in radiology. For instance, in late onset Pompe disease (LOPD), diaphragm atrophy and diaphragm elevation have already been reported [33] . An additional value of CT results from the fact that lung abnormalities like atelectasis can be diagnosed during the same exam. However, the thin muscle layer of the diaphragm limits the use of MRI as a diagnostic tool, notably in the presence of diaphragm atrophy [34] . Moreover, this method fails if patients require permanent mechanical ventilation in the supine position. Ultrasound imaging is a non-volitional and volitional imaging test that can be performed at the bedside. It provides information regarding diaphragm function and can be repeatedly performed without causing discomfort or adverse effects.
Phrenic neurophysiological study can be performed in patients with neuropathy or phrenic injury. This technique may be invasive (needle recording diaphragm motor units) or non-invasive (phrenic nerve conduction) [36] . However, this method requires some expertise that limits routine utilization.
PRINCIPLES OF DIAPHRAGM ULTRASOUND IMAGING
Haber first described diaphragm sonography in 1975 [37] . Since then, many reports have been published on this method, particularly for its use in the intensive care unit (ICU). Two ultrasound methods are classically used to assess diaphragmatic function: the analysis of the dome excursion with M mode approach, and/or the evaluation of diaphragmatic thickness and thickening during inspiration by analyzing the apposition zone.
Diaphragm excursion from M mode and correlation with spirometry
From the anterior subcostal view, diaphragm sonography is performed during quiet respiration and during deep breathing. For this, a cardiac probe with lower frequency transducer or an abdominal convex probe is usually used. The right diaphragm is analyzed through the liver window and the left diaphragm through the spleen window. It is easier to assess the right hemi-diaphragm rather than the left hemidiaphragm because of limited left spleen window and interference from stomach [38] . The transducer is placed in the anterior subcostal region between the mid clavicular and anterior axillary lines. The ultrasound beam should reach the posterior part of the diaphragm. In the B mode view, the diaphragm is identified as an echogenic line between the interface of the lung and liver or spleen [6] . Then, M mode is performed to record diaphragmatic excursion during respiration (Fig. 1) [39, 40] .
Diaphragm sonography can be performed during quiet breathing or deep inspiration or sniff maneuver. In pediatric population, the two hemi-diaphragms can be assessed at the same time from a sub-xiphoid view with a curvilinear transducer [39] . Diaphragmatic motion analysis with sonography has already been reported in pediatric [41] and adult populations [37, 41, 42] , leading to the publication of normal values [42] [43] [44] [45] [46] . In normal subjects, correlation between diaphragmatic inspiratory course and inspiratory volume is reported to reach 0.9 in some studies [38, 42] . Table 1 summarizes the main studies reporting normal values in diaphragm ultrasound.
Apposition zone analysis with echography and correlation with spirometry
Diaphragm thickness and thickening can be assessed at the zone of apposition (ZA) during inspiration and expiration, using a linear higher frequency transducer [3, 5] . The zone of apposition is the chest wall area where the lower rib cage reaches the abdominal contents. The probe is positioned between the antero-axillary and mid-axillary lines, perpendicular to the chest wall. With B mode, the hemi-diaphragm is identified beneath the intercostal muscles as a hypo-echogenic layer of muscle tissue located between two hyper-echogenic lines (the pleural line and the peritoneal line) (Fig. 2) . Diaphragm muscle thickness depends on lung volumes and normally increases during inspiration [4, 47] . Diaphragmatic thickening is assessed by the thickening fraction (TF), defined as (thickness at end inspiration -thickness at end expiration)/thickness at end expiration. The relation between TF and lung volume has been reported to be linear [4] .
Normal values have been reported in healthy subjects. Diaphragmatic thickness in the zone of apposition increases during a maximal inspiratory maneuver with good correlation between diaphragm thickening ratio and maximal inspiratory pressure (r = -0.82, p < 0.01) [5] . Wait et al. [4] reported a mean diaphragmatic thickness value of 2.2 +-0.4 mm in a study that included 10 healthy men, placing the transducer between the ribs in the ninth lateral interspace. They also described an increase in diaphragm thickness in the zone of apposition with lung volume increase. Ueki et al. [5] reported a mean thickness of 1.7 +-0.2 mm at functional residual capacity (FRC). In a study which included 150 normal subjects, Boon et al. [7] reported a lower limit of normal diaphragm thickness (at end expiratory or FRC) of 1.5 mm with an increase of at least 20% of diaphragm thickness from FRC to total lung capacity. Mean right diaphragm thickness at FRC was 3.3+-1 mm and mean left diaphragm thickness at FRC was 3.4+-1.8 mm in the same study [7] . In normal subjects, a side to side hemi diaphragmatic thickness difference <0.33 cm at rest has been reported [7] . Table 1 summarizes principal studies reporting normal values in diaphragm ultrasound.
CLINICAL APPLICATIONS OF DIAPHRAGM ULTRASOUND IMAGING
The assessment of respiratory muscle function is of paramount interest in patients with neuromuscular disorders. In patients with NMD, respiratory symptoms are subtle and usually appear late in the clinical course of the disease, partly because of the limited mobility of patients due to peripheral muscle weakness, except in the case of acute respiratory failure due to infection. Clinical presentation is quite variable in cases of diaphragmatic failure. Orthopnea may be present and paradoxical abdominal motion may be observed during inspiration, with the abdomen moving inward while the rib cage expands.
Chest X ray classically shows asymmetric diaphragm elevation in the case of unilateral diaphragm paralysis, but it is less useful in NMD patients presenting with bilateral diaphragmatic dysfunction. Spirometry usually reveals a moderately restrictive respiratory pattern or significant VC decrease in the case of bilateral diaphragmatic paralysis [48] . The decrease in VC correlates with weakness of both inspiratory and expiratory muscles. Residual volume may increase with increasing failure of expiratory muscles.
Diaphragm sonography is already routinely used in ICU patients and may be useful in patients with myopathy for diagnosis and monitoring of diaphragm function [49] . In the ICU, mechanical ventilation can rapidly lead to diaphragmatic impairment and thinning [50] . Diaphragm ultrasound has been used to help predict extubation failure in weaning from mechanical ventilation [51] . A diaphragmatic excursion >25 mm increased the likelihood of success of SBT (spontaneous breathing trial) in mechanically ventilated patients [52] . Also, a diaphragm thickening fraction >30-36% during SBT increased the likelihood of success of SBT [52] . In cardiac surgery, the phrenic nerve may be injured, causing diaphragm paralysis that can be assessed by diaphragm ultrasound [53] , in addition with neurophysiological study.
Also, after cervical surgery, diaphragm ultrasound associated with phrenic nerve conduction study and diaphragm electromyogram can help the clinician diagnose phrenic nerve injury.
In the neuromuscular field, recent data confirm the potential applications of diaphragm ultrasound in clinical practice. In a recent study including 37 patients with amyotrophic lateral sclerosis (ALS), myopathies and neuropathies, an excellent correlation was found between VC and diaphragm thickness (r = 0.74) [54] . However, specific studies need to be performed since pathophysiologic processes are different in ALS and myopathies.
Diaphragmatic ultrasound can be performed at the bedside and in patients sitting in a wheelchair. It may help clinicians to diagnose diaphragm weakness, paralysis [55] or phrenic neuropathy [56] . Diaphragm paralysis may be confirmed by the calculation of diaphragm thickening (TF). A diaphragm TF <20% is consistent with diaphragmatic paralysis, according to McCool [55] . Clinical applications of this method are extensive, ranging from diseases affecting the central nervous system to disorders affecting the phrenic nerve. Diaphragm ultrasound may be used to assess diaphragm muscle weakness in myopathies such as Duchenne muscular dystrophy (DMD), Pompe disease, facio-scapulo-humeral dystrophy (FSHD), Ullrich myopathy, myotonic dystrophy type I, nemaline myopathy and steroid induced myopathy. De Bruin et al. [57] reported increased diaphragmatic thickness at end expiration using sonography in pediatric DMD patients, presumably due to pseudohypertrophy. Respiratory impairment is classical in patients with FSHD [58] and abdominal muscles are involved, often leading to a lordotic posture. Spirometric and maximal respiratory pressures measurement may be difficult in FSHD because peri-oral leaks occur due to facial muscle weakness. Diaphragmatic sonography may thus be of major usefulness in many cases of FSHD. Respiratory failure is also frequent in patients with collagen VI-related myopathies with a 2.6% annual decline of forced vital capacity in patients with Ullrich congenital muscular dystrophy [59] . Late-onset Pompe disease is a metabolic myopathy with frequent diaphragm involvement [60] . Diaphragmatic monitoring is essential in this disease and may be achieved using sonography. In patients with diseases that affect the central nervous system (ALS, poliomyelitis, spinal muscular atrophy, transverse myelitis, cervical spine disease), or the peripheral nervous system (ALS, Guillain Barré syndrome, neuropathy, Lyme disease, Parsonage Turner syndrome) or the neuromuscular junction (myasthenia gravis, Lambert-Eaton syndrome), diaphragm ultrasound may be useful in evaluating diaphragm weakness or paralysis [61, 62] .
Diaphragm thickness measured with sonography correlates with the size of the diaphragm compound muscle action potential in response to phrenic nerve stimulation in ALS [63] . In myasthenia gravis, diaphragm sonography combined with electromyogram (EMG) and phrenic nerve conduction study is helpful in identifying phrenic nerve injury, particularly after thymectomy [64] .
The diaphragm assessment by needle EMG is sometimes difficult and carries the potential risk of pneumothorax [65] . The use of ultrasound guidance for needle placement may enhance the accuracy and safety of EMG. In the pediatric population, diaphragm ultrasound adds significant value for diagnosing diaphragmatic hernia, post-traumatic hernia and diaphragm paralysis.
Limits of diaphragm ultrasound imaging
Some concerns about the results of diaphragm sonography have to be pointed out in clinical practice. It is sometimes difficult to visualize the left hemi-diaphragm, particularly in patients with elevated BMI [39] . Moreover, diaphragmatic excursion depends on the maximal voluntary inspiratory effort of patients and is influenced by the position of the subject, being greater in the supine position than in the sitting position for the same inspiratory volume [5] . Diaphragm motion is affected by the abdominal contents and pressure that limit diaphragm displacement [45] . Finally, current reference values have been established from studies that included small or moderate number of volunteers that limit global generalization.
For the interpretation of results, it is essential to take into account some limitations: -Diaphragm thickness is different at different intercostal spaces -Diaphragm thickness varies from FRC to TLC -History of abdominal or thoracic surgery may influence diaphragm motion -Permanent mechanical ventilation affects diaphragm thickness and motion -Hemi-diaphragm motion may be different from one side to the other; to avoid this limitation, it is essential to perform the ultrasound exam using identical ultrasound beam position and direction. 
CONCLUSION
Diaphragm analysis with ultrasound has advantages including its nonionizing radiation, noninvasive technique, ease of use, reproducibility, speed of testing, and low cost in comparison with other diaphragmatic tests. There are many indications, including the assessment of patients with reduced inspiratory capacity, paradoxical respiration, asymmetric chest radiography appearance, unexplained dyspnea particularly when supine. In patients with suspicion of diaphragm paralysis or phrenic nerve injury after surgery, diaphragm sonography may be indicated in association with diaphragm EMG and phrenic NCS.
In neurological practice, diaphragm ultrasound may be indicated in a variety of clinical scenarios, ranging from peripheral neuromuscular disease to central disorders. This technique may also be used for monitoring the diaphragm in clinical trials of medications or treatments directed at improving muscle function.
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